Abstract-In distributed massive multi-input multi-output (DM-MIMO) systems, orthogonal pilot sequences are generally utilized to acquire the channel state information (CSI). However, this highly restricts the number of users simultaneously served. In this paper, a pilot reuse within a single cell DM-MIMO system is proposed to serve more users than the available pilot sequences. The reuse in this strategy is applied so that maximum achievable sum-rate is satisfied with the constraint of predefined pilot resource. On this basis, two users in different subcells separated by a large distance and satisfying a specific signal to interference plus noise ratio (SINR) level can share the same pilot sequence. An expression for SINR is derived for any pair of users who use the same pilot. Based on this expression, an algorithm is proposed to choose which pairs of users are able to use the same pilot with the constraint of satisfying the minimum SINR required for these users. The simulation results demonstrate that the uplink achievable sum-rate for the proposed strategy is higher than both cases when no pilot reuse or random pilot reuse are considered.
I. INTRODUCTION
Distributed massive multi-input multi-output (DM-MIMO) is an attractive technology to provide high data rates for future wireless communication systems [1] - [3] . A distributed antennas system (DAS) with spatially separated antennas provides power saving and capacity merits over a co-located antenna system (CAS) [4] - [6] . Combined with large antenna arrays of massive MIMO to spatially multiplex many users on the same channel resources [7] , DM-MIMO was introduced to further enhance the data rate performance. In DM-MIMO, multiple remote radio head (RRHs) are distributed over a cell and connected to a central unit (CU) via high speed links, such as optical fiber. All the signal processing operations are performed at the CU [1] - [3] .
Accurate channel state information (CSI) for all the channels between RRHs and users plays an essential role in DM-MIMO transmission. In order to obtain accurate CSIs, orthogonal pilot sequences are generally employed for different users [8] . In time-division duplexing (TDD) massive MIMO, CSIs can be acquired from the users' uplink pilots and uplink/downlink radio-channel reciprocity [9] , [10] . However, when there is a significant increase in the number of users, large pilot overhead inevitably affects the system sum-rate. A possible solution here is to reuse pilot radio resources among sets of users with tolerable interference, which was first discussed in [7] .
Pilot reuse may cause pilot contamination, which limits the quality of the channel estimation and degrades system performance. In the literature, several approaches have been introduced to mitigate pilot contamination when pilots are reused among cells for different architectures of massive MIMO systems, including co-located massive MIMO [11] - [13] , Network MIMO [14] and small cells scenarios [15] , [16] . Among these researchers, the angle of arrival (AoA)-based methods [9] , [10] have assumed pilot reuse within the same cell in the colocated massive MIMO to further reduce the pilot overhead. In these methods, the users with non-overlapping AoAs do not contaminate each other when they adopt the same pilot. However, the assumption of small AoA spread is not always feasible especially in DM-MIMO. Thus, we propose the pilot reuse within a single cell DM-MIMO system. In this system, a cell can be divided into a number of subcells, which will be exploited in this paper to allocate a single pilot to different users located in different subcells to enable the CU to estimate the channel for more admitted users. Unlike the above mentioned works that reuse pilots in a fixed reuse pattern, this paper considers a dynamic reuse strategy to reuse the pilots without adopting a fixed pilot reuse pattern or a fixed reuse distance. Furthermore, the proposed reuse strategy is developed with the objective of maximizing the sum-rate under the constraint that the SINR for each user is not less than a specific threshold where the impacts of pilot contamination are considered. This paper proposes pilot reuse within a single cell DM-MIMO system in the uplink transmission. By applying pilot reuse, maximum achievable sum-rate is satisfied with the constraints of fixed pilot resources and meeting the minimum SINR requirements of users who share their pilots. The dynamic pilot reuse strategy is suggested to allow a pair of users, each located in a different subcell, to share the same pilot. An algorithm for pilot allocation is developed to find the pairs of users that meet the SINR constraints after considering the estimation error to allocate the same pilot for them. To enable the algorithm to know the potential SINR, a formula for the SINR is derived for any pair of users who use the same pilot by adopting both minimum mean square error (MMSE) channel estimator and detector. Simulation results verify the effectiveness of the proposed strategy in terms of the uplink achievable sum-rate compared with both no reuse case and random pilot reuse case in the uplink DM-MIMO system.
: In this paper, boldface lower and upper case symbols represent vectors and matrices, respectively. (⋅) , (⋅) the estimation value of a. I denotes the × dimensional identity matrix, and tr( ) is the trace of . Finally, ℂ × is the set of complex matrices with rows and columns.
II. SYSTEM MODEL The DM-MIMO architecture in a single cell with hexagonal subcells is shown in Fig. 1 . One RRH is located in the center of each subcell.
antennas are equipped with each RRH. The set of antennas of the ℎ RRH is denoted as ℳ . Furthermore, RRHs are connected to CU through high-speed links, where the CU performs the joint detection of the received signals from multiple RRHs. It is further assumed that the ℎ subcell has a set of active single-antenna users, denoted by and the total number of active users within the cell is
It is also considered that ≫ | | for all RRHs, and active users are randomly distributed within the cell.
TDD mode is assumed in this scenario. The channel estimation of the uplink channels is employed in the CU with the received pilot signals, and the downlink channels are acquired by exploiting channel reciprocity. The time-frequency resource units (RUs) are allocated within frames with a length of symbols and subcarriers [17] , [18] . One time-frequency RU is a unit of one subcarrier over one symbol period. The number of the RUs per frame is = . Within these RUs, RUs are reserved for pilot sequences in each frame. This leaves room for ( − ) RUs, which are split between uplink and downlink data transmission. The set of pilot sequences is defined as
in set is mutually orthogonal with each other, that is = I [2] , [8] . By transmitting these pilots over RUs, only users are able to send their pilots without interfering with each other [8] .
The notation ⟨ , ⟩ is used to describe the ℎ user in the ℎ subcell. By assuming both a small and a large scale fading channel, the uplink channel response for user ⟨ , ⟩ to the ℎ antenna in the ℎ RRH is given by:
where ⟨ , ⟩, represents the large scale fading coefficient between user ⟨ , ⟩ and the ℎ RRH, which consists of both the path loss and the shadow fading. ⟨ , ⟩, can be regarded the same between user ⟨ , ⟩ and all antennas of any RRH, but, it is different for different users. Then, ℎ ⟨ , ⟩, , is the small scale fading coefficient between the user ⟨ , ⟩ to the ℎ antenna in the ℎ RRH, and it is assumed that each element of ℎ ⟨ , ⟩, , is an i.i.d. complex Gaussian variable with zero mean and unit variance. The channel response × 1 vector from the user ⟨ , ⟩ to the ℎ RRH is given by [1] 
By assuming a synchronous pilot transmission from all the active users, the received signal matrix of pilots at the ℎ RRH is expressed as [8] , [12] , [19] where is the transmit power for pilots.
× is complex additive white Gaussian noise with zero mean and unit covariance variables.
III. SUM-RATE ANALYSIS
In this paper, we deal with the scenario in which is larger than the number of available pilot sequences ( ). As a result, it is proposed in this paper to allow pilot reuse among some users within the same cell in order to serve more users when is larger than . Therefore, a dynamic pilot reuse strategy is suggested to permit a pair of users to share one pilot, while different pilots are assigned for different pairs of these users. An algorithm will be presented and explained later to determine the selection of user pairs for pilot reuse. For the rest of the users, no pilot reuse is considered, and unique pilot sequences are allocated to serve them. This is shown in Fig. 1 , in which it is considered that = 8 and = 11. This means that − = 3, reusing three pilots is required to serve all the users in Fig. 1 . The users with unique pilot sequences are illustrated with the black circles, and the pairs of users with reused pilot sequences are represented by the same figures (square, triangle and star), where each pair is marked with the same color (blue, red and green). As a result, two groups of users will be created: users with unique pilot sequences, and users with reused pilot sequences. After obtaining the observation of the channel from user ⟨ , ⟩ to the ℎ RRH, the CSI for this user is [12] , [19] 
where ℐ is the set that includes user ⟨ , ⟩ and the second user sharing the same pilot with user ⟨ , ⟩, or it includes only user ⟨ , ⟩ in the case of no reuse. Based on [20] , CU computes the minimum mean squared error (MMSE) estimation of user ⟨ , ⟩
), and Φ ⟨ , ⟩, is the same between user ⟨ , ⟩ and all the antennas of any RRH, and it can be defined as [9] , [20] 
The channel g ⟨ , ⟩, can be decomposed as g ⟨ , ⟩, = g ⟨ , ⟩, +g ⟨ , ⟩, , whereg ⟨ , ⟩, is the estimated error and it is statistically independent ofĝ ⟨ , ⟩, because of the orthogonal property of MMSE estimation and the joint Gaussianity of both vectors. The covariance ofg ⟨ , ⟩, is ( ( ⟨ , ⟩, − Φ ⟨ , ⟩, )I ) .
During the uplink data transmission, the received data signal vector for the ℎ RRH can be written as
where is the transmit power for data and all users have the same transmit power, z , ∈ ℂ ×1 is complex additive white Gaussian noise with zero mean and unit covariance variables.
∈ x, where
is the transmitted data signal vector of all the users.
It is assumed that the MMSE detection is applied in CU for recovering user data, where the detector for user ⟨ , ⟩ at ℎ RRH is given as [9] , [20] 
whereĜ is the estimated channel response × matrix from all the users in the cell to the ℎ RRH, and the
is the covariance matrix of the channel estimation errors for the ℎ RRH. During data transmission, it is assumed that users are only served by their nearest RRHs. Where the set of RRHs serving user ⟨ , ⟩ is denoted by ⟨ , ⟩ . For any pair of users adopting the same pilot, the sets of RRHs serving these two users should not overlap. This is essential to enable the CU to differentiate the CSIs for the users using the same pilot. By referring to (8) , it is required to know the CSIs from all users to all the RRHs in the cell to detect the signals of these users by using MMSE. However, for the users sharing their pilots, only the channel information from user ⟨ , ⟩ to its serving set of RRHs ⟨ , ⟩ can be available. Thus, the effects of user ⟨ , ⟩ with pilot reuse to the users that are located outside its set of ⟨ , ⟩ will not be considered during the data detection of these users since no CSIs information can be provided for user ⟨ , ⟩. This impact can be marginal as this user is generally far away from the users that are located outside its serving set of RRH.
Afterwards, the MMSE detection is applied in the CU. The estimated data symbol for user ⟨ , ⟩ is represented by [2] = ∑
Then, the ergodic achievable sum-rate for DM-MIMO system can be obtained from [9] , [10] 
For a user with unique pilot sequence, the SINR is given in (11) . Additionally, the SINR for user ⟨ , ⟩, whose pilot is reused with user ⟨ ′ , ′ ⟩ is presented in (12) .
In order to simplify the SINR in both (11) and (12), the deterministic equivalent analysis from [20] is employed here. The results in [20] are asymptotic as the SINR formulas are derived by considering that the number of antennas grows considerably. According to [20, Theorem 5] , the SINR for MMSE beamformer is represented as shown in [20, equation (25) ]. This formula is modified to match the single cell DM-MIMO scenario of this paper as shown in (13) and (14), for a user without pilot reuse and a user with pilot reuse respectively. Where the elements of the channel vector from any user to the antennas of the base station in [20] are replaced by the channel vector from the same user to all the antennas of all the RRHs, except for users with pilot reuse as mentioned before. In the denominator of both (13) and (14), the first term represents the power of noise, the second term is the sum power of other user interference and the third or the last term in (14) is the pilot contamination. The parameters of ⟨ , ⟩ , ⟨ , ⟩⟨ , ⟩ , ⟨ , ⟩ and T ′ can be calculated by using [20, Theorem 1 and Theorem 2]. These parameters depend on Z , which is defined in (8) , and can be also calculated from In this paper, the dynamic reuse strategy is developed to allocate the pilots ⟨ , ⟩ with the objective of maximizing the sum-rate for the system under the constraints that the potential received SINR for each user is not less than the threshold ℎ . This problem can be formulated as
. .
It can be seen that from (15) the reuse of the pilots between the two users ⟨ , ⟩ and ⟨ ′ , ′ ⟩ is considered. The constraints (15b) and (15c) mean that each user that shares its pilot should satisfy the minimum SINR requirement ( ℎ ). The threshold ℎ is chosen according to the minimum SINR requirements of the users. Although each user could have a different SINR requirement, one threshold value is considered for all users for simplicity purposes. In addition, constraint (15d) represents that
only pilot sequences are available, so should be larger than to apply the reuse. Furthermore, the number of times of reuse is , where 1 < < , and can be defined as min( , ), and = 2 if is even, or = 2 −1 if is odd. Finally, (15e) indicates that the two sets ⟨ , ⟩ and ⟨ ′ , ′ ⟩ must not overlap, as explained earlier.
IV. ALGORITHM FOR DYNAMIC PILOT REUSE
The long distance gap that can be found among some subcells will be exploited to reuse a pilot between a pair of users each located in a different subcell. An algorithm is presented in this section to describe the procedures over which the selection of these pairs of users is achieved so more admitted users can be served to maximize the achievable sum-rate. This algorithm will be referred by Algorithm 1. In this algorithm, a pilot can be reused once with another user located in a different subcell, and no pilot can be reused in the same subcell. The purpose of reusing pilots once is to restrict the intra-cell pilot contamination to one source for each user. The SINRs for the two users in each pair should meet ℎ . No reuse will apply if no pair satisfies the required ℎ , and only users will be served in this case.
The steps to allocate the pilots in Algorithm 1 can be summarized into two stages: In the first stage, a search is achieved for all the possibilities of user pairs configurations in the cell. Then, the potential SINRs for the two users in each pair are calculated by supposing that the pilot for the first user is reused by the second user. If the results of the potential SINRs are not less than ℎ , it is possible to allocate one pilot for these two users. After searching over all the pairs or when all pilots are assigned, the reuse will be terminated. Finally, the rest of pilots, if there are any, are randomly allocated to the rest of the users.
The number of all possible combinations of user pairs in Algorithm 1 is ∑ −1
=1
. Thus, the computational complexity of this algorithm has an upper limit of 2 ∑ −1
. This includes the pairs classification and the search over all user pairs to find the pairs that meet the SINR constraints in (15b) and (15c). This is more feasible than the complexity of the pilot allocation algorithms of other works, such as [15] . As an example, Algorithm 1 needs to run out up to 132 times when = 12 to allocate the pilots. This complexity is less than even the lower limit for the complexity of the algorithm of [15] , which is 156 when = 12, by supposing minimum pilot reuse factor ( = 2).
V. SIMULATION RESULTS
The performance of the dynamic pilot reuse strategy in the uplink of a single cell TDD DM-MIMO system is evaluated in this section. The users are randomly distributed in the cell where each subcell contains a different number of users. The large scale fading coefficient ⟨ , ⟩, can be calculated as
, where ⟨ , ⟩, represents the shadow fading and it obeys a log-normal distribution, which is represented by, 10 log 10 ( ⟨ , ⟩, ) ∼ (0, ℎ ), and ⟨ , ⟩, is the distance between user ⟨ , ⟩ to the ℎ RRH, is the normalized radius and is the decay exponent [7] . Some of the simulation parameters are listed as follows: = 19, cell radius = 2000m, = 100m, = 3, ℎ = 8 dB, = 40 dBm and = 40 dBm. In Fig. 2 , the uplink achievable sum-rate is plotted for the proposed reuse strategy with = 8, = 32, = 20, | ⟨ , ⟩ | = 2 and changes from 6 to 16. When = 6 or 8, no reuse is applied as ≯ . While when = 16, all the 8 pairs of users could reuse their pilots depending on whether they meet the reuse condition. For comparison purposes, the no reuse case and the random pilot reuse case are also shown in Fig. 2 . In the no reuse case, a unique pilot is allocated for each user, which means = is assumed in all values of . Furthermore, pilot reuse is applied randomly in the case of random pilot reuse, where is also constant as in the proposed strategy. The same value of the number of times of reuse of the dynamic strategy is considered for the random pilot reuse case as well. However, random pilot allocation is performed for the random pilot reuse without taking into account the SINR constraints. As shown, the achievable sum-rate of the dynamic reuse strategy outperforms the no reuse case and the random pilot reuse case. This is because of the effectiveness of the proposed reuse strategy and also due to the effect of the prelog factor (1 − ) in (10), which is constant for the dynamic pilot reuse case for any value of since is constant as well. On the other hand, the prelog factor is reduced as increases in the no reuse case. Although is also constant for the random pilot reuse case, the random reuse for pilots can lead to severe intra-cell pilot contamination. Fig. 3 plots the uplink achievable sum-rate for the dynamic reuse strategy versus the number of users with = 32, = 20 and for | ⟨ , ⟩ | = 1, 2, 3 and 4. The rate performance of the dynamic reuse strategy is generally improved as | ⟨ , ⟩ | increases, where more of the nearest RRHs will serve the users. Thus, more uplink signals for these users will be coherently detected by the CU. However, when | ⟨ , ⟩ | is highly increased, as when | ⟨ , ⟩ | = 3 or 4, more pilot contamination will be received by the set ⟨ , ⟩ from the second user sharing its pilot with user ⟨ , ⟩. This will negatively affect the sum-rate performance especially when high pilot reuse is needed when is high.
VI. CONCLUSION
In this paper, a dynamic pilot reuse strategy in a single cell TDD DM-MIMO system was proposed. Firstly, an expression for SINR was derived for any pair of users who share the same pilots. Based on this expression, an algorithm was suggested to decide which pairs of users have acceptable potential SINRs in order to allocate the same orthogonal pilot for them. The proposed strategy was shown to have better uplink achievable sum-rate performance compared with the no reuse case and the random pilot reuse case.
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